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WATIONAL ADVISORY COMUITTEE FOR AERONAUTICS

TECHNICAL NOTE FKO. 521

FULL-SCALE FORCE AWD PRESSURE~DISTRIBUTION TESTS
O A TAPERED U.S.A. 45 AIRFOIL

By John F. Parsonsg

SUMMARY

This report presents the results of force and pres-
sure~distribution tests on a 2:1 tapered U.S.A, 45 air-
foil as determined in the full=-scale wind tunnel. The
airfoil has a constant-chord center section and rounded
tips and is tapered ian thickness from 18 percent at the
root to 9 percent at the tip. Force tests were made
throughout a Reynolds Number range of approximately
2,000,000 to 8,000,000 providing data on the scale effect
in addition to the conventional characteristics. Pressure-
distribution data were obtained from tests at a Reynolds
Number of approximately 4,000,000. The aerodynamic char-
acteristics given by the usual dimensionless coefficients
are presented graphicallye.

IHNTRODUCTIOXN

For a portion of an extensive wing-fuselage interfer-
ence program being carried out in the ¥.,A.C.A., full-scale
wind tunnel, it was necessary to obtain pressure-~distri-
bution and force tests upon a tapered U.S.A. 45 airfoil.
This particular airfoil section is a feature of the air-
plane uscd in the main investigation; otherwise a more
commonly used section would have been choson. The paucity
of full=scale information on thc acrodyramic characteris-
tics of taperecd airfoils warrants the presontation of
thesc data as a roport scparate from the results of the
wing-fuselage interference investigation.
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APPARATUS

Airfeodl (=" TleWairfiolly ficonstructed iprinmariily  to con-
form with the requirements of a wing-fuselage interfer-
ence investigation is of standard wood and fabriec aircraft
construction. Frise-type ailerons, each comprising 5.1
percent of the total area, were incorporated in the air-
foils,

The airfoil (fig. 1) has a span of 45.75 feet, an as-
pect ratio of 6.20, and a mean chord of 7.38 fcet; the
arca 1s 337.5 square feet. A constant-chord center sec-
tion extends 10.7 percent of the scmispan from the center
ling el “the airfolls"“Theg pian form, from the center sec—
tion ouwtboard, is dotocrminced by a basic trapezoid tapered
2¢13 tho roundecd tips are formed within theo trapozoild.

An additional trapezoid, in a plane including the gquarter-
chord. points and perpondicular to the basic plaan-form
trapczoid, determines the thickness taper outboard of the
center section. 4 geometric similarity is maintained' be—
tween .the mean lines of the root and tip. section profiles
of the basic trapezoid and the mean line of the root sec—
tioa profile ol o " UsB.A.  45"airfoll.' The depired prof lilc
thickness is obtained by varying the thickness of the orig-
inal profile about its mean line, The thickness taper .in
percentage of the chord is from 18 percent gt the root 'to
O percent at the tip of the basic trapezoid. The ordi-
ates of the root section of the airfeoil are given in ta-
ble I. Sections between the root and station 234.5 were
formed by using straight-line eloments between correspond-
ing noints on the root and tip sections of the basic trap-
ezoid, All 2b5-percent—chord points on the uppor surface
of the airfoil botwcen stations 234,5 lie on a straight
line perpendicular to the plane of symmetry. From sta-
tions 234,5 cutboard, the thickness at the 25-percent-
chord points departs equally, top and bottom, from the
basic-thickness trapezoid and the thickness ratios are
identical with tlhose of the corresponding sections of the
basic trapezoids.

The airfoil was designed with the chords of all th
sections parallel, A slight washout was, however, inad-
vertently built into the siructure, accounting for a max~
imum deoviation of section angle of less than 0+8° from the
average aangle of attack of the airfoile A tolerance of
+1/16 inch in scction profile was specified and errors in
construction were found to be within these limits.
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For the purpose of pressure~distribution testing, 68
pairs of standard W.A.C.A., pressure orifices were in-
stalled, in special pressure~orifice ribs, at eight posi-
tions along the semispan., One orifice of each pair opened
on the upper surface of the airfoil, the other, on the
lower surface. These pairs of orifices were arranged
along the chord in such a manner as to facilitate fairing
of the pressure diagrams. The lateral, or spanwise, lo-

gation of the "presisure  orifice rTows is shown in figure Te

ianometerse~ A pair of multiple-tube recording manon-
eters of the liquid type (fig. 2) were used to measure si~
multaneously th:e pressures at the orifices. Each manome~-
ter was composed of a circular bank of 100 glass tubes.
Cne eund of each tube was immersed in a closed reservoir
containing carbon tetrachloride; the other end was con-
nected to the pressure orifice through aluminum and rubbdber
tubing.s An initial vpressure was imposed upon the carbon
tetrachloride in the reservoir to raise the static level
of the liquid to a height sufficient to cenable the rccord-
ing of both the positive and ncgative pressures of the or-
der of magnitude encountercds Photostat paper was auto=
matically drawn around the outer circumference of the bank
of tubes and the exposuro made by flashing a vertical neon
lamp located at the center of the bank, It was thus pos-
sible with the two manometers %o record simultaneously the
pressure heads produced by the aerodynamic pressures at
all the orifices. The aluminum tudbing from cach of the
pressure orifices was collectod inside the airfoil and was
led, in the form of a strut, through the lower surface of
the airfoil at the planc of symmetry to the two manometors
locatcd in the balance housc below.

Tunnel.~ The tests were conducted in the N.A.C.A.
full=scale wind tunnel, A description of the tunnel,
balances, and auxiliary apparatus is given in reference 1.
Figure 3 shows the airfoil mounted on the balance for the
force testse.
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The pressure-distribution tests were run at a Reynolds
Number of approximately 4,000,000 based upon the mean chord
of the airfoil (7.38 feet) as a characteristic length,.
Four exposures, i.e., four distinect series of pressure
measurements, were made at each of nine angles throughout

4

an angle~of-attack range of =4° to 24°., An average of
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these. four readings, for each orifice, was uscd in plot-
ting -the pressure diagrams.

Lift, drag, and pitching-~moment measurements com-
prised the force tests on the airfoil during which data
were: obtained throughout an angle~of-attack range of =8°
t0:26° at :Reynolds Numbers varying from approximately
24000 ,000 -%0..5,000,000, In addirion,; tests.tvo determine
the scale effect upon minimum drag, the angle of zero
1ift, slope of the 1lift curve, and the value of the pitch-

.ing—moment coefficient at zero 1lift were made over a short
~range of angle of attack (~8.0° to 0,8°) in the neighhor-

hood -of minimum drag, at Reynolds Numbers up to 8,000,000,
Al) tests were made with the airfoil at 0° yaw and roll
and ‘with the ailerons locked at 0° relative to the air-
foiles, The test procedure is detailed in reference 2.

RESULTS

The results of the tests, in the usual form of dimen-
sionless coefficients, are presented graphically in figw:
ures 4 to 9. All test results have been corrcctecd for the
influence of the jet boundary, support interferonce, and
for the effect of blocking as detailcd in referenccs. 2
and 3. Average air-stream angle and dynamic-pressure core
rections were applicd to the force-tcst results; local
air-stream angle and dynamic pressurecs at each orifice rib
were considered in computing the pressure~distribdution
datau

Force tests.~ Figure 4 presents the coefficients
plotted against angle of attack for a2 Reynolds Number of
approximately 5,000,000, The pitching-moment coefficients
are referred to the sxis about which the coefficient;
based on the mean chord, is counstant over a considerable
range of angle of attacke The intersection of this axis
with the plane of symmetry of the airioil is termed the
"acrodynanic center”, giving rise to the designation of
the pitching-moment coefficient as Cmac' The location of
this axis is given, with reference to the root chord, in
figure 4,

The variation of the airfoil characteristics over a
large range of Reynolds Numbers is shown in figure 5.

Scale effect upon the effective profile—draé coeffi-
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cient CDe .1s shown ko flgurg 6.A The coeff1c1ent deflned
by CDé = CD-é CL'/O 201 was: choaen to fac111tate a com--

parison w1th other alrf01ls. This arbltrary coeff1c1ent
is based upon an elliptical wing loading and can “be used
correctly only.on airfoils of aspect ratio 6,20. A come
parison with airfoils of different aspect. rat:o may be éef=
fected with little error at low values of Cj.
f . i L

Pressure distributivon.,~ The normal-force and pitching-
moment coefficients and the longitudinal and lateral loca-
tions of the center of presoure for the entire wing are
plotted against the angle of attack to present the results
ofi the pressure~distribution tests.’ In addition to the
preceding plots, span-load diagrams arc given.

The:values of normal-force .coefficient Cy and of
longitudinal center-of-pressure location were determined
for each section from the pressure diagrams, orifice pres~
sure .against section chord, as follows: .

b, vt A
R .
" . M A
Longitudinal c.p. from quarter—cnord point = i*
where A is the 1ntegrated ‘area of uhevpressure diagram.,

Mp, integrated moment of area of the pressurc dia-
gram about the quarter point of the section
chord.

ch Seebion chords
g, Cdynamic prossuroc.

. The relative normal loadings KX, exprcsscd in non—
dimensional.form, at the various scctions are plotted
againSt_the semispan in figure 7., Waen the chord varies
along.the semispan, the coefficient Cy does not repre-

sent the span loads; and it becomecs necessary to usec a
coefficient K . defined Dby
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Values of the normal-force coefficient C}, the

pitching-~moment coefficient about the gquarter-chord point,
the longitudinal center-of-pressure location in percent of
the root chord from the lecading edgo of the root chord, and
the lateral center~of-pressuro location in percont of tho
semispan from the plane of symmetry for the whole wing, as
derived from the pressure plots, are presented in figure

8 and were determined as follows:

M1
AR = g 2
Ciy = 5 Lateral ce.ps = v X 5
132
C o
AW il mc 4 (o4
= Longitudinal cCepe = + = X —
Cmc/4 Y S = g a b 4 Cy c!
2
where At is the integrated area of the semispan load
~diagram.
MAr, integrated moment of area of the semispan
load diagram about the plane of symmetry,
A", integrated area of the semispan moment dia-

gram; the section pitching moments about the
quarter-chord point were computed from sec=-
tion Cy and c.p. positions and plotted

against the semispan,

S, total airfoil area.

1o airfoil span.

s mean chord of airfoil, %.
et, .root chord of airfoll.

It is to be noted that the longitudinal center-of-
pressure locations and the pitching-moment coefficients
about the gquarter-chord points have been determined con-
sidering only the normal forces; i.e., the chord forces
on the airfoil have been neglected. The preccding data
have been corrected for local air-stream angle and dynam-
ic pressure as well as for wing washout and may be consid~-
orcd as applying to an unwarped airfoil in a steady recti-
linear flow,
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A" comparison between force and pressure-distribution
tests ‘at. the same Reynolds Number is afforded in figure 9.
For this comparison the results of the pressure-~distribu-
tion-test have been corrected to the conditions of the
force test; i.c., the variotis:-scctions have been consid-
ered as working under the same conditions as in the force
test, with washout and at varying angles of attack. Again,
as in the previous data, the values of longitudinal center-
of-pressure location and pitching-moment coefficients are
based solely upon the normal forcess

DISCUSSION

An- 1nspect10n of flgurc 4 indicates no cxtremec varia-
tion from the nornal trend of acrodynamic charactcristics.
It will -be noticcd that the 1lift curve deviates only slight-
ly from.a lincar function of the angle of attack until a
sharp break occurs at the stall, which, at a Reynolds ium-
ber of approximately 5,000,000, occurs at o =.16.,2° ‘and

a -value of CLmax =: 14385, The pitching-moment coefficient
Cmac remains constant at a value of -0.041 from slightly
below the angle of zero 1ift (-3.9°) to the angle of stall.

A normal ceater-of-pressure travel and a value of (L/D)max
of 2165 further characterizes this airfoil,

.Scale effect upon the tapéred U.S.A. 45 airfoil (figs
5) eTnlbltS the same tendencies as it does on the rectan~—
gular Clark Y airfoil of reference 2. A large variation

L2 (0 5 440 s oG G with scale, at low Reynolds
D L C-
“max

Numbers is évident and a "flattening out," or asymptotic

tendency, occurs at high Reynolds gumbers. The effect up-

on L/D, qu, Gpn. = 0, and dCy/da is small with these

.- V.U ot

quantities reaching asymptotic values within the range of

Reynolds Wumbers investigated. The scale effect on

Cp 18 samilar teo -that on Cp...s & value of 00,0095
Omin < min

being attained at a Reynolds Fumber of approximately

5,000,080 (£ig. 8)s

The relative loading along the semispan for the un~-
twisted airfoil in a uniform velocity fiel& at a Reynolds
Number. of approximately 4,000,000 (fig. 7) for angles be-
low the stall is light at the tips and approaches a lin-
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.ear function of the span over the tapered portion of the
airfoil. A sharp break in loading at the center section

is evident and is, no doudt, due to the interrupted plan-
form contour. This break might be obviated and an im-
provement in load obtained through an increase in the an-
gle of attack of the center scection relative to the remain-
der of the airfoil.

The normal-force coefficient for the entire airfoil
Cy exhibits the same tendency (fig. 8) as does the 1ift

coefficient. The stall is at o = 15.7° and at a value
of Cy = 1.333., The longitudinal center of pressure based

on Cy alone has a normal travel and reaches a maximum

forward position of 26.6 percent of the root chord. The
pitching-moment coefficient about the gquarter-chord point
of thhe root chord Cmc/4, based on Cy and the mean chord,

increases from =0.042 at a = 0° +to -0.025 and then de-
creases abruptly at the stall to a constant value of
-0.075 beyond the stall. The lateral center-of-pressure
location is practically constant at approximately 43 per-
cent of the semispan from the plane of symmetry, through-
out the flight range, moving toward the tip Jjust beyond
the stall and then receding slowlye

The comparison of force and pressure—distribution
tests, at a Reyunolds Fumber of approximately 4,000,000 as
given in figurc 9, shows the two methods to be in excel-
lent agreement, providing Jjustification for the depend-
ence upon full-scale pressure-distribution data.

Application of these data to flight conditions with-
out correction is believed justifiadble in view of the
small degree of turbulence in the wind tuanel (reference

2)e For the Oy and Gg characteristics, which
max Linax
have not reached an asymptotic value in the range of
Reynolds Numbers investigated, the range will probably be
sufficient for most flight conditions. For eany value of
C; DPelow the stall, the scale cffect upon the pitcaing-
moment coefficient, about the root quarter-chord point,
is slight above 2 Reynolds Number of 4,000,000. It is
then rcasonable to expect that the distribution of load
at each section remains essentially constant at any one
value of (7 for Reynolds Kumbers greater than 4,000,000,

From the foregoing, the application of the pressure-dis-
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tribution data obtained at a Reynolds Number of approxi-
mately 4,000,000 to a larger Reynolds Number seems per-
missible when the airfoil is in an unstalled attitude.

Langley Memorial Aeronautical Laboratory,
National Advisory Committee for Aeronauntics,
Langley Field, Va., February 20, 1935
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TABLE I
TAPERED U.S.A, 45 AIRFOIL

Specified Scction Ordinates, Root Section

L Root - Station 29.5
{ Chord = 116 inches
Thickness = 18 percent "
¥
Station | Upper 5 Lower
0 Gef® | 183 |
1.25 40 71 = 004
__ﬁ?_@ 6 ° 20 i 67
S
TR T R | a0h
T iy 11.70 ~2.50
S . NN 3,20
20.00 14.11 =
25400 N R
30.00 14.24 T =B, 6B
40,00 13.13 ~3461
50.00 11,08 -3,40
S | 9s0 ] =gl
70 oOO -..?.?__%7 "2 . 4:4
O 5,11 ~1,73
90.00 | 2.59 -, 92
95,00 B T ame
100.00 . N

Section ordinates ia perecent chord

Stations in perccant chord from L.E.

10
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354.5 [56.40| 2.88| .35
264.5 |43.40( 8.30(1.20
374.5 0 [29.00(3.15

A1l dimensions are in

inches
Figure 1.~ Tapered U.8.4.45 airfoil. Plan form and orifice location.

-% l T \\
ik
————————— Av. R.N. = 2,183,000 B \
e T " = 3,459,000 L |
-05 SO - " m = 4’183 000 5
o " " = 5,030,000 \
(=2 |
S 1
+ |
=]
o |
5 .04 T
b |
>y |
44
@ t
S |
o I \
1
oo |
| '
e fadil
o T
o ; I
g / /
4
A .02 A=
g r’:////
3 g ///" —
o et AT L
i i, S D e TR
& .01 = e e
PaEi 0 7 .4 6 .8 1.0 188 1.4

Lift coefficient, Of

Figure 6.- Variation of effective-profile-drag coefficient with 1ift coefficient of the

tapered U.S.A.45 airfoil.

8ize. 7.38'(mean chord) by 45.75'.

for tunnel effects. F.8.W.T.

Results corrected
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Figs. 2,3

. Figure 3.~

Manometer
ingtallation
for tapered
U.S.A. 45
airfoil.

Figure 3.~
The tapered
U.S.A. 45
airfoil
mounted on
the tunnel
balance.
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Figure 4.~ Characteristics of the tapered U.S.A.45 airfoil as determined by force tests.
Velocity: 112.3 ft./sec. Av. Reynolds Numbar:5,030,000. 8ize; 7.38'(mean chord) by
45.75' . Results corrected for tunnel effects. F.S.W.T.
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Figure 5.- Scale effect on tapered U.8.A.45 airfoil, 8ize: 7.38'(mean chord) by

45.75'. Results corrected for tunnel effects.
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Figure 9.- Comparison of results of force and
pressure-distribution tests of the
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Av.Reynolds Number: 4,183,000. Size: 7.38'(mean chord) by 45.75'. Results corrected for tunnel effects.
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